N

N

5-hydroxymethylcytosine marks postmitotic neural cells
in the adult and developing vertebrate central nervous
system
Nicolas Diotel, Yohann Mérot, Pascal Coumailleau, Marie-Madeleine

Gueguen, Aurélien Sérandour, Gilles Salbert, Olivier Kah

» To cite this version:

Nicolas Diotel, Yohann Mérot, Pascal Coumailleau, Marie-Madeleine Gueguen, Aurélien Sérandour,
et al.. 5-hydroxymethylcytosine marks postmitotic neural cells in the adult and developing ver-
tebrate central nervous system. Journal of Comparative Neurology, 2017, 525 (3), pp.478-497.
10.1002/cne.24077 . hal-01439354

HAL Id: hal-01439354
https://univ-rennes.hal.science/hal-01439354
Submitted on 6 Feb 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://univ-rennes.hal.science/hal-01439354
https://hal.archives-ouvertes.fr

5-Hydroxymethylcytosine Marks Postmitotic Neural
Cells in the Adult and Developing Vertebrate

Central Nervous System

Nicolas Diotel,1’2’31** Yohann l\/Iérot,?’Jr Pascal Coumailleau,3 Marie-Madeleine Gueguen,3
Aurélien A. Sérandour,** Gilles Salbert,** and Olivier Kah®

"Inserm, UMR 1188 Diabéte athérothrombose Thérapies Réunion Océan Indien (DETROI), plateforme CYROI,

Université de La Réunion, UMR 1188, Sainte-Clotilde, France
2Université de La Réunion, UMR 1188, Sainte-Clotilde, France

3Inserm, UMR 1085, Research Institute in Health, Environment and Occupation, Institut National de la Santé et de la Recherche
Médicale U1085, Université de Rennes 1, SFR Biosite, 9 avenue du Prof. Léon Bernard - Rennes, France

*UMR 6290 CNRS, IGDR, Université de Rennes 1, Campus de Beaulieu, Rennes, France

SCurrent address for Aurélien A. Sérandour: EMBL, Meyerhofstrasse 1, Heidelberg 69117, Germany

ABSTRACT

The epigenetic mark 5-hydroxymethylcytosine (5hmC) is
a cytosine modification that is abundant in the central
nervous system of mammals and which results from 5-
methylcytosine oxidation by TET enzymes. Such a mark
is suggested to play key roles in the regulation of chro-
matin structure and gene expression. However, its pre-
cise functions still remain poorly understood and
information about its distribution in non-mammalian
species is still lacking. Here, the distribution of 5hmC
was investigated in the brain of adult zebrafish, African
claw frog, and mouse in a comparative manner. We
show that zebrafish neurons are endowed with high lev-
els of 5hmC, whereas quiescent or proliferative neural
progenitors show low to undetectable levels of the

modified cytosine. In the brain of larval and juvenile
Xenopus, 5hmC is also detected in neurons, while ven-
tricular proliferative cells do not display this epigenetic
mark. Similarly, 5hmC is enriched in neurons compared
to neural progenitors of the ventricular zone in the
mouse developing cortex. Interestingly, 5ShmC colocal-
ized with the methylated DNA binding protein MeCP2
and with the active chromatin histone modification
H3K4me2 in mouse neurons. Taken together, our
results show an evolutionarily conserved cerebral distri-
bution of 5hmC between fish and tetrapods and rein-
force the idea that 5hmC fulfills major functions in the
control of chromatin activity in vertebrate neurons. J.
Comp. Neurol. 000:000-000, 2016.

In multicellular organisms, cells display an identical
genome but exhibit distinct cellular phenotypes due to
the establishment of unique gene expression profiles
during developmental cell fate specification. Such spe-
cific expression profiles are believed to rely on epige-
netic modifications leading to the establishment of cell-
specific chromatin states. In vertebrates, DNA methyla-
tion is an important epigenetic modification that con-
trols tissue development and differentiation (Baranzini
et al, 2010; Meng et al.,, 2015). In vertebrates, DNA
methylation consists of the addition of a methyl group
to the fifth carbon of cytosine (5mC), mainly in a CpG
dinucleotide context. Such DNA modification allows the

regulation of a wide range of cellular processes such as
embryonic development, transcription, X-chromosome
inactivation, and also genomic imprinting (Meng et al,,
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2015). In mammals, DNA methylation is catalyzed by
three enzymatically active DNA methyltransferases
(Dnmts): Dnmt1, Dnmt3a, and Dnmt3b (Reik, 2007).
Dnmt3a and 3b are de novo methyltransferases that
act on unmethylated DNA to establish new DNA methyl-
ation patterns. Dnmt1 preferentially methylates
hemi-methylated CpGs (such as those generated by
DNA replication) and is considered a maintenance
methyltransferase preserving DNA methylation patterns
through cell division. As shown by Dnmt disruption, the
establishment and maintenance of CpG methylation
patterns are crucial for proper development and viability
of embryos (Li et al., 1992; Okano et al, 1999).
Although 5mC is a major epigenetic mark regulating
crucial aspects of genome functions (Suzuki and Bird,
2008), the traditional view of 5mC as being a stable
covalent modification of DNA in the vertebrate genome
has recently been challenged by the discovery that it
can be oxidized to generate 5-hydroxymethylcytosine
(5hmC), a modified DNA residue that is physiologically
relevant in neuronal cells and in embryonic stem cells
(ES cells) (Kriaucionis and Heintz, 2009; Tahiliani et al.,
2009). Since then, other modified cytosines have been
described in mammals, including 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC) (Kriaucionis and Heintz,
2009; Tahiliani et al., 2009; Maiti and Drohat, 2011;
Meng et al., 2015). Oxidation of 5mC to 5hmC, 5fC,
and 5caC is catalyzed by the ten-eleven translocation
(Tet) family of enzymes, which comprises three mem-
bers (Tet1, Tet2, and Tet3). Although the 5hmC epige-
netic mark appears to be relatively stable and abundant
in mammalian genomes, 5fC and 5caC are more labile
entities that are recognized and processed by the DNA
glycosylase TDG and the base excision repair machinery
(Globisch et al.,, 2010; Wu and Zhang, 2010; Cheng
et al, 2015a,b). Interestingly, the highest levels of
5hmC are detected in the central nervous system
(CNS), in neurons (Globisch et al., 2010; Munzel et al.,
2010; Szwagierczak et al., 2010). Recent publications
described the expression of 5hmC in the brain of rat
(Zheng et al., 2015), of mouse and human (Jin et al,
2011; Chen et al., 2012; Kraus et al., 2015), and also
of zebrafish brain during development (Almeida et al.,
2012). In addition, high levels of 5hmC have been
found in the spinal cord of the amphibian axolotl
(Almeida et al., 2012b). In mammals, 5hmC has been
shown to be enriched, notably in the cerebral cortex,
the hippocampus, and the cerebellum (Chen et al.,
2012; Kraus et al., 2015; Zheng et al., 2015). Interest-
ingly, 5hmC content was shown to increase during
aging with no concomitant 5mC decrease, suggesting
that 5hmC could act as a real epigenetic mark (Chen
et al., 2012). However, the precise function of 5hmC is

currently unclear. A recent study focusing on the
dynamics of 5hmC and chromatin marks during mam-
malian neurogenesis show that 5hmC levels increase
during neuronal differentiation and that 5hmC enrich-
ment is not associated with DNA demethylation in neu-
rons, suggesting that 5hmC is a stable epigenetic mark
(Hahn et al.,, 2013). Given the specific distribution of
5hmC in the brain of mammals, and its role in gene
expression, 5ShmC was envisioned as a key player in
brain development and is suggested to play roles in
neurological disorders (Cheng et al., 2015a,b). Given its
implication in ES cell self-renewal and differentiation,
5hmC could also regulate neurogenic processes such
as neural stem cell proliferation, neuronal fate, and dif-
ferentiation (lto et al.,, 2010; Ficz et al., 2011; Pastor
et al,, 2011). Interestingly, adult neurogenesis is an
evolutionarily conserved feature of the CNS across the
animal kingdom. In mammals, adult neurogenesis is
mainly restricted to two regions of the telencephalon:
the subventricular zone (SVZ) of the lateral ventricle
and the subgranular zone (SGZ) of the dentate gyrus in
the hippocampus (Lindsey and Tropepe, 2006; Grandel
and Brand, 2013; Braun and Jessberger, 2014). In strik-
ing contrast, non-mammalian vertebrates such as fish
and amphibians exhibit a more intense neurogenic
activity (Lindsey and Tropepe, 2006; Kah et al., 2009;
D’Amico et al., 2011). Adult zebrafish exhibit a wide-
spread neurogenic activity throughout the brain (Kah
et al., 2009; Diotel et al., 2010a; Kizil et al., 2012; Edel-
mann et al., 2013; Schmidt et al., 2013; Pellegrini
et al.,, 2015) and possess a high regenerative capacity
for repairing lesions of the CNS (Zupanc et al.,, 2005;
Lindsey and Tropepe, 2006; Zupanc, 2008; Marz et al.,
2011; Diotel et al., 2013; Grandel and Brand, 2013; Pel-
legrini et al., 2015). In zebrafish, such a strong neuro-
genic activity is due to the persistence of neural
progenitors in adulthood, radial glia cells and further
committed progenitors corresponding to neuroblasts
(Adolf et al., 2006; Pellegrini et al., 2007; Marz et al.,
2010; Lindsey et al, 2012; Schmidt et al.,, 2013).
Hence, the brain of adult zebrafish retains features of
the embryonic mammalian brain (Diotel et al., 2010a).
In addition, brain proliferation has been recently shown
in the developing brain of anuran through larval and
metamorphic development, notably in Xenopus, the
highest levels of proliferative cells being detected in the
telencephalic ventricular layers (Raucci et al., 2006;
Coen et al.,, 2007; Denver et al.,, 2009; D’Amico et al.,
2011, 2013).

In this work we describe the distribution of 5hmC
and its relationship with differentiating neurons and
dividing neural progenitors in zebrafish, Xenopus, and
mouse brain. In favor of a role in terminal differentiation



of vertebrate neurons, our data show that in all three
species examined 5hmC is selectively enriched in differ-
entiating nondividing cells.

MATERIAL AND METHODS

Ethics

This study was approved by the ethics committee
CREEA (Comité Rennais d’Ethique en matiére d’Expéri-
mentation Animale), permit number EEA B-35-040. The
zebrafish, Xenopus, and mice were kept, handled, and
sacrificed in accordance with European Union regula-
tions concerning the protection of experimental ani-
mals. Experiments were performed by authorized
investigators (Permit number: 75-390).

Animals and brain dissection

Experiments were performed on male wildtype adult
zebrafish (Danio rerio) or on the transgenic zebrafish
line tg(cyp19a1b-GFP) expressing green fluorescent pro-
tein (GFP) in radial glial cells under the control of the
cypi9alb promoter (Tong et al, 2009). Fish were
housed in the zebrafish facility of the SFR Biosit (INRA
SCRIBE, Rennes, France) and maintained under stan-
dard conditions of temperature (28.5°C) and photoperi-
od (14/10 hours light/dark). Xenopus laevis were bred
and maintained under standard husbandry conditions in
France at the Xenopus Center of Biological Resource
(CRB; University of Rennes1; htp://xenopus.univ
-rennes1.fr). For sacrifice, fish were anesthetized with
tricaine (MS-222) before sectioning the spinal cord.
Brains were partially dissected through skull opening
and fish were immersed overnight at 4°C in 4% parafor-
maldehyde (PFA) in saline phosphate buffer (PBS,
pH7.4). On the next day, brains were taken out and
fixed at 4°C in 4% PFA, in order to be entirely proc-
essed for paraffin inclusion. Larvae and juvenile Xeno-
pus were obtained, staged, and sacrificed as previously
described (Coumailleau and Kah, 2014).

Swiss mice were housed on a 12-hour light/dark
cycle. For embryos staging, detection of a vaginal plug
at noon was designated as embryonic day 0.5 (E0.5)
and the day of birth as PO. Embryonic and neonate
brains were dissected and fixed overnight in 4% PFA.
For adult brains, 3-month-old mice were euthanized by
cervical dislocation and the removed brain were fixed
for 48 hours in 4% PFA.

For this study, the number of animals used was as
follows: 3-6-month-old zebrafish were used (n =5 wild-
type; n=75 transgenic), larvae (Stage 50, n=4) and
juvenile (Stage 66, n=4) Xenopus, 3-month-old adult
male mice (n=3) and E14.5 to P7 mice (n = 48).

Immunohistochemistry

For the immunohistochemistry protocol, paraffin sec-
tions (7 wm) of wildtype or cyp79a1b-GFP transgenic
zebrafish brains were prepared using a microtome
(Microm HM 355 S), and cryosections were made for
Xenopus. Paraffin sections were next deparaffinized in
OTTIX, rehydrated through graded ethanol (100-30%),
and rinsed in PBS (pH 7.4). Zebrafish and Xenopus brain
sections were then placed in 2N HCI buffer at 37°C for
30 minutes, followed by two washes of 5 minutes in
0.1M sodium tetraborate decahydrate (pH 8.5) at room
temperature. Slides were rinsed in 0.2% Triton PBS and
incubated in PBS containing 0.5% of milk powder
overnight with appropriate primary antibodies: anti-
5hmC (1:100-1:500, Diagenode, Seraing, Belgium;
C15410205; RRID: AB_2572206), anti-proliferating cell
nuclear antigen (PCNA) (1:100; Clone PC10; Dako,
Glostrup, Denmark; REF: M0879; RRID: AB_2160651),
and antiacetylated tubulin (1:50; Sigma-Aldrich, St. Lou-
is, MO; REF: T6793, RRID:AB_477585). On the next
day, sections were washed three times in 0.2% Triton
PBS and incubated with the secondary antibody (Alexa
Fluor goat antimouse and/or goat antirabbit 488 and/
or 594; 1:200; Invitrogen Molecular Probes, Eugene,
OR; RRID: AB_141607, RRID: AB_10049650, RRID:
AB_141372). Tissue sections were washed several
times in PBS containing 0.2% Triton and slides were
mounted with the antifading medium Vectashield (Vec-
tor Laboratories, Burlingame, CA) with or without 4,6-
diamino-2-phenylindole (DAPI) that permits visualization
of cell nuclei.

Mice brain sections (30-50 pm) were cut coronally
using a vibratome (VT1000s; Leica). For immunolabeling
of 5hmC and 5mC, free-floating sections were incubat-
ed 30 minutes in citrate buffer (pH 6) at 80°C followed
by incubation in 2N HCI for 30 minutes at room tem-
perature (antigen retrieval). Sections were then washed
and equilibrated in PBS/0.1% Tween-20 (PBST) and
incubated overnight at 4°C in primary antibody diluted
in PBST. Primary antibodies included rabbit polyclonal
5hmC  (1:3,000; Diagenode, C15410205; RRID:
AB_2572206), mouse polyclonal 5mC (1:100; Diage-
node, C15200081; RRID: AB_2572207), MeCP2 (1:200;
Active Motif, 61285; RRID: AB_2572268), H3K4me2
(1/1,000; Millipore, Bedford, MA; 05-1338; RRID:
AB_1977248), PCNA (1:400; Clone PC10; Dako; REF:
MO0879; RRID: AB_2160651). The following day, sec-
tions were washed in PBST, exposed for 1 hour 30
minutes to the appropriate secondary antibodies
(1:500; Invitrogen Molecular Probes; RRID: AB_141607,
RRID: AB_10049650, RRID: AB_141372), and washed
again. For double labeling experiments with 5hmC or



TABLE 1.
Primary and Secondary Antibodies

Primary antibodies

Antibodies Reference RRID Antigen
5-hmC polyclonal antibody C15410205-50 (Diagenode) AB_2572206 5-hydroxymethylcytosine
5-mC monoclonal antibody 33D3 C15200081-100 (Diagenode) AB_2572207 5-methylcytosine
MeCP2 antibody 61285 (Active Motif) AB_2572268 full-length protein of rat MeCP2
Anti-dimethyl histone H3 (Lys4) 05-1338 (Millipore) AB_1977248 Synthetic peptide corresponding
antibody (H3K4me2 antibody) to amino acids 1-12 of human
Histone H3, dimethylated on
Lys4, conjugated to KLH.
Proliferating cell nuclear antigen M0879 (DAKO) AB_2160651 Rat PCNA-protein A fusion protein
clone PC10 obtained from vector pC2T
(Waseem and Lane, 1990)
Mouse anti-tubulin, acetylated Clone 6-11B-1 T6793 (Sigma-Aldrich) AB_477585 Acetylated a-tubulin from the

monoclonal antibody

outer arm of sea urchin sperm
axonemes.

Secondary antibodies

Antibodies Reference RRID

Donkey antimouse Alexa fluor 488 A21202 (Molecular Probes, Life Technologies) AB_141607
Donkey antirabbit Alexa fluor 488 A21206 (Molecular Probes, Life Technologies) AB_10049650
Goat antimouse Alexa fluor 594 A11005 (Molecular Probes, Life Technologies) AB_141372

5mC, immunostaining procedures were performed
sequentially, i.e., the antigen retrieval for 5hmC or 5mC
staining were performed after a postfixation step (15
minutes in 4% PFA) following the first immunodetection.
After immunohistological staining, sections were coun-
terstained with DAPI and mounted on slides. Stained
sections were visualized using an apotome microscope
(Axiolmager Z1, Zeiss) and a confocal microscope
(Leica SP8).

In all immunohistochemistry experiments, no staining
was observed after omission of the primary antibodies
or with incubation with corresponding rabbit immuno-
globulin fraction and negative control mouse IgG (data
not shown). The antibodies used in this study are pro-
vided in Table 1.

Riboprobe synthesis and in situ hybridization

cDNA of mouse Tet? (nt 4824-5957 in the coding
sequence), Tet2 (nt 523-1724), Tet3 (nt 1228-2403)
were inserted in the pCRIl TOPO dual promoter vector
according to the manufacturer’s instructions (Invitrogen,
Gercy Pontoise, France). Antisense and sense single-
stranded mRNA probes were obtained with DIG RNA
labeling MIX (Roche, Indianapolis, IN) by transcription
with T7 and SP6 polymerase (Promega, Madison, WI)
on pCRII plasmids linearized with appropriate restriction
enzymes.

Before the hybridization procedure, serial transverse
paraffin sections (12 um thick) were deparaffinized and
rehydrated as described above for zebrafish paraffin

sections. After a postfixation step in 4% PFA diluted in
PBS for 20 minutes, sections were washed in PBS and
then incubated in proteinase K for 3 minutes at room
temperature (10mg/ml in 50mM Tris-HCI, pH 8.0,
5mM EDTA). After a novel postfixation step, sections
were rinsed twice in saline-sodium citrate (SSC) 2X at
room temperature. Hybridization was performed over-
night at 65°C in a humidified chamber using 100 pl of
hybridization buffer (2X SSC; 2.5% dextran sulfate; 50%
deionized formamide; 5X Denhardt’s solution; 50 ng/
ml of yeast tRNA, pH8.0; 4 mM EDTA) containing the
DIG-labeled probes (5 pg/ml). On the next day, slides
were rinsed in 2X SSC at 65°C, followed by two rinses
at 65°C (2X 30 minutes) in 2X SSC/50% formamide.
Final rinses were made in 0.2 and 0.1X SSC at room
temperature. Following an incubation in PBST for 10
minutes, sections were incubated in PBST containing
0.5% blocking reagent for 30 minutes. They were
then incubated overnight at room temperature with
anti-DIG Biotin conjugate (Perkin Elmer, Boston, MA;
NEF833001EA 1/1,000). The next day, sections were
washed with PBST and processed for fluorescent revela-
tion with the TSA kit as recommended by the manufac-
turer (ThermoFisher Scientific, Pittsburgh, PA; T-20932).
No staining was obtained with the respective sense
probes, as shown in Figure 9.

Real-time polymerase chain reaction (PCR)
Two pg total RNA were reverse-transcribed using
5mM random hexamer oligonucleotides and 100 U of



Moloney Murine Leukemia Virus Reverse Transcriptase
as recommended by the manufacturer (Promega). PCR
reactions were performed in an iCycler thermocycler
coupled to the MyiQ detector (Bio-Rad, Hercules, CA)
using iQ SYBR-Green Supermix (Bio-Rad) according to
the manufacturer’s protocol. The following primers were
used: Tetl (fw) 5-CCTTTTCGTGTGTCCCTTGT-3, Tet1l
(rev) 5-TCTCGGGTTAAGGTTGATGC-3’; Tet2 (fw) 5'-
GTTCTCAACGAGCAGGAAGG-3, Tet2 (rev) 5-TGAGAT
GCGGTACTCTGCA-3; Tet3 (fw) 5-TCCGGATTGAGAA
GGTCATC-3/, Tet3 (rev) 5-CCAGGCCAGGATCAAGATAA-
3'; ribosomal protein S28 (Rps28) (fw) 5-CGATCCATCA
TCCGCAATG-3', Rps28 (rev) 5'-AGCCAAGCTCAGCG
CAAC-3'. Expression levels of Rps28 mRNA were used to
normalize the expression levels of the other genes. Cor-
rect amplifications were assessed by melting curve and
PCR efficiency analyses. Real-time PCR was performed
on three different animals for each stage studied.

Antibody specificity

As expected from antibodies recognizing modified
bases in DNA, 5mC and 5hmC antibodies work in all
tested vertebrate species. According to the manufac-
turer’s datasheet, dotblot assay shows no crossreactiv-
ity of the 5hmC antibody with 5-methylcytosine and
cytosine. Similarly, 5mC antibody is shown to react in
mouse and dotblot assay shows no crossreactivity of
this antibody with 5hmC and cytosine (manufacturer’s
datasheet). MeCP2 antibody reacts in mouse and
H3K4me2 antibody in vertebrates (manufacturer’s data-
sheet). PCNA antibody is well characterized in verte-
brates including zebrafish and Xenopus (Pellegrini et al.,
2007; D’Amico et al., 2011).

Microscopy

The slides were observed with an epifluorescence
microscope (Olympus Provis, equipped with a DP71 digi-
tal camera), an epifluorescence Zeiss (Imager Z1,
equipped with the Apotome module), or a confocal micro-
scope (Leica SP8). Images were processed with either
the Olympus Analysis, Zeiss Cell or ImageJ (NIH, Bethes-
da, MD) softwares. Micrographs were generated in the
“TIFF” format and adjusted for light and contrast before
being assembled on plates using Photoshop CS4 (Adobe
Systems, San Jose, CA). The nomenclature is according
to the zebrafish atlas (Wullimann et al., 1996).

RESULTS

5hmC-positive cells are widely distributed
in the whole zebrafish brain

In order to investigate the distribution of 5hmC in
the CNS of adult zebrafish, we performed

immunohistochemistry on transverse sections of adult
brain. Cells positive for 5hmC were widely detected
through the whole encephalon (Figs. 1-3). In the olfac-
tory bulbs, 5hmC-positive cells were mainly detected in
the granular cell layer (data not shown). More caudally,
in the telencephalon, 5hmC staining was detected in
the pallium (Figs. 1B,F, 3M,Q) notably in the medial
(Dm), lateral, and posterior zone of the dorsal telence-
phalic and also in the subpallium (Figs. 1), 2A, 3AE,I),
such as in the central, ventral (Vv), and dorsal (Vd)
nuclei of the ventral telencephalon (Fig. 1B,)). We also
detected 5hmC labeling in the anterior (PPa) and poste-
rior part of the preoptic area (Fig. 2E and data not
shown), the mediobasal hypothalamus as well as in
regions surrounding the lateral and posterior recess
(PR) of the caudal hypothalamus (Fig. 1N and data not
shown). Numerous 5hmC-positive cells were also
observed in the optic tectum (TeO), notably in the peri-
ventricular gray zone (PGZ) (Fig. 2I). Overall, the wide
distribution of 5hmC-positive cells was clearly reminis-
cent of the distribution of neurons in the brain of adult
zebrafish, suggesting that 5hmC could be a neuronal
marker in this species.

Neurons display the 5hm C epigenetic mark
in the zebrafish brain

Given the strong expression of 5hmC in neuronal
cells in mammals and 5hmC distribution in the brain of
adult zebrafish, we next performed double immuno-
histochemistry for 5hmC and acetylated tubulin, a
neuronal marker, in order to identify the nature of
5hmC-positive cells in the brain of adult zebrafish. Data
clearly showed that neurons strongly display the 5hmC
epigenetic mark as shown for example in the ventral
and dorsal nuclei of the ventral telencephalon (Fig. 2A-
D; Vv and Vd), the anterior part of the preoptic area
(Fig. 2E-H; PPa), or also in periventricular gray zone of
the optic tectum (Fig. 2I-L; TeO). Such a neuronal
expression is widely observed in the whole brain (data
not shown) and most 5hmC-positive cells obviously cor-
respond to neurons, similar to what was previously
described in mammals.

Neural progenitors do not display the 5hmC
mark in adult zebrafish

In the adult zebrafish telencephalon, the entire ven-
tricular zone produces new neurons that integrate into
existing neural networks (Lindsey and Tropepe, 2006;
Chapouton et al., 2007; Kah et al., 2009; Diotel et al,,
2010a; Marz et al., 2010; Grandel and Brand, 2013).
Such a strong neurogenic activity is due to the persis-
tence of neural progenitors in the brain of adult



Figure 1. 5hmC-positive cells are widely distributed in the forebrain of adult zebrafish but 5hmC is excluded from cyp9a1b-GFP radial gli-
al cells. 5hmC immunohistochemistry (magenta) on cyp79a7b-GFP transgenic fish (green) with cell nuclei staining (blue). A-L: the 5hmC
epigenetic mark is widely distributed in the whole zebrafish telencephalon, notably in the dorsomedian telencephalon (Dm), the ventral
(Vv), and dorsal (Vd) nuclei of the ventral telencephalic area. M-P: Numerous 5hmC-positive cells are also detected in the caudal hypo-
thalamus such as in the nucleus surrounding the posterior recess (PR). O-T: High-power views of the respective framed boxes in D,H,L,
and P showing that most cyp79a7b-GFP-positive radial glial cells are 5hmC-negative (arrows). In these pictures, only one cypi9aib-GFP
positive cell is 5hmC-positive (arrowhead). Scale bar = 35 pm for O-T; 140 pm for A-P.

zebrafish. Type 1 and type 2 progenitors correspond to
quiescent and actively dividing radial glial cells, respec-
tively, while type 3 progenitors are believed to be
actively dividing neuroblasts (Marz et al., 2010; Schmidt
et al.,, 2013). Radial glial cells exhibit a wide variety of
specific marker in the brain of adult zebrafish, such as
Blbp (brain lipid binding protein), Gfap (glial fibrillary
acidic protein), S1008 (S100 calcium binding protein
B), Cxcr4 (C-X-C chemokine receptor type 4), Id1

(inhibitor of DNA binding 1, a transcription regulator),
and also the estrogen-synthesizing enzyme, aromatase
B (AroB), encoded by the cyp79aib gene (Menuet
et al., 2005; Tong et al., 2009; Diotel et al., 2010b,
2015; Marz et al.,, 2010; Dinarello, 2012; Coumailleau
et al., 2015; Rodriguez Viales et al., 2015). In order to
investigate the presence of 5hmC in radial glial cells,
we took advantage of a cyp79alb-GFP transgenic fish
line in which GFP is expressed in radial glial cells. In



Figure 2. Most 5hmC-positive cells correspond to acetylated tubulin-positive neurons in the brain of adult zebrafish. Double immunostain-
ings for 5hmC (green) and the acetylated tubulin neuronal marker (magenta) with cell nuclei staining (blue). A-L: Most 5hmC-positive cells
correspond to acetylated tubulin neurons in the ventral (Vv) and dorsal (Vd) nuclei of the ventral telencephalic area, in the anterior part of
the preoptic area (PPa), and in the periventricular gray zone (PGZ) of the optic tectum (TeO). Note that the ventricular cells that do not
express the acetylated tubulin marker are 5hmC negative (Arrows). Scale bar =70 um.

the ventral and dorsal nucleus of the ventral telence-
phalic area (Fig. 1A-D,I-L; Vv and Vd), the dorsomedian
telencephalon (Fig. 1A-H; Dm), and also in the nucleus
of the posterior recess (Fig. 1M-P), we did not observe
any convincing 5hmC signal in GFP-expressing cells, as
obviously demonstrated by higher magnification views
(Fig. 1Q-T, arrows). Only rare cyp19a1b-GFP expressing
cells appeared to be very weakly 5hmC-positive
(Fig. 1S, arrowhead). Such results suggest that radial
glial cells, which act as neural progenitors and generate
news neurons (Pellegrini et al.,, 2007; Rothenaigner
et al., 2011), are 5hmC-negative.

In order to reinforce the hypothesis that dividing pro-
genitors do not widely display the 5hmC mark, we per-
formed double immunohistochemistry for PCNA (a cell
proliferation marker) and 5hmC. We clearly observed
that 5hmC labeling is not detected in most ventricular
PCNA-positive cells in the telencephalon (Fig. 3).

Indeed, in the rostral migratory stream (RMS) domain
composed of fast-dividing type 3 progenitors, most
PCNA-positive cells were obviously 5hmC-negative (Fig.
3A-L, arrows). Only a few rare PCNA-positive cells of
the RMS displayed a significant 5hmC staining (Fig. 3I-
L, arrowheads). In the dorsomedian telencephalon, pro-
liferative cells were also 5hmC-negative (Fig. 3M-T,
arrow). Taken together, these results show that most
types 1, 2, and 3 progenitors do not have detectable
levels of 5hmC, whereas the modified cytosine is
enriched in newborn neurons generated by such cells.

5hmc mark in larval and juvenile
Xenopus is expressed in neurons but
not in proliferative cells
In order to investigate the distribution of the 5hmC
epigenetic mark in another vertebrate model and to



Figure 3. Proliferative cells are 5hmC-negative in the anterior brain of adult zebrafish. Double immunostainings for 5hmC (green) and the
proliferative marker PCNA (magenta) with cell nuclei staining (blue). A-H: Fast proliferating progenitors from the rostral migratory stream
(RMS) display almost no 5hmC staining (arrows) as shown by high-power views of the respective framed boxes in A-D. I-L: High-power
views of the respective framed boxes in E-H showing two 5hmC and PCNA double-positive cells (arrowheads) while most other prolifera-
tive cells are 5hmC-negative (arrows). M-T: Proliferative cells from the dorsomedian telencephalon (Dm) are 5hmC-negative (arrows) as
shown with high-power views of the respective framed boxes in M-P. Scale bar =70 pum for E-L; 140 pum for A-D.




compare it with zebrafish, we performed some experi-
ments on Xenopus laevis. In larval and juvenile Xenopus,
5hmC was also widely detected throughout the brain,
although proliferative cells (PCNA-positive) localized
along the ventricular layers were consistently 5hmC-
negative, as shown in the diencephalon and the telen-
cephalon (Fig. 4A-D1,l-L1, see arrows; th: thalamus;
mp: medial pallium). Similar to what was observed in
zebrafish, double immunohistochemistry for 5hmC and
acetylated tubulin clearly showed that 5hmC-positive
cells correspond to neurons (Fig. 4E-H1,M-P1). In con-
trast, cells lining the ventricles, previously shown to be
radial glia and progenitor cells in Xenopus (Coumailleau
et al., 2015), are 5hmC-negative and acetylated tubulin-
negative (Fig. 4E-H1,M-P1).

Similar to what was observed in zebrafish, double
immunohistochemistry for 5hmC and PCNA in Xenopus
clearly showed that proliferative cells do not exhibit
detectable levels of 5hmC (Fig. 4A-D1,I-L1).

5hmC mark increases during cortical
neurogenesis in mouse

Immunostaining on mouse brain sections revealed
abundant 5hmC-positive nuclei in all forebrain struc-
tures examined, including the cortex, the hippocampus,
the thalamus, the hypothalamus, and also the choroid
plexus (data not shown). We next focused on the
embryonic period associated with active neurogenesis.
In the developing cortex, 5hmC staining was strongly
detected at E14.5 in the cortical plate containing the
earliest postmitotic neurons generated (Fig. 5A-C,
arrows), while the intermediate and ventricular zones
only displayed weakly 5hmC-positive cells. More pre-
cisely, the 5hmC staining appeared to be slightly stron-
ger in the intermediate zone (Fig. 5B,D). At E14.5, the
ventricular zone is composed of actively dividing radial
glial cells and other further committed progenitors, giv-
ing rise to newborns that initiate migration through the
developing cortex. Double immunohistochemistry for
PCNA and 5hmC performed during this neurogenic peri-
od clearly indicated that proliferative cells (PCNA-posi-
tive cells) are weakly positive for 5hmC (Fig. 5D-F).
Conversely, especially in the intermediate zone (Fig.
5D-F, arrows) but also in the ventricular zone (arrow-
heads), the strongest 5hmC-positive cells are PCNA-
negative, suggesting that cell-cycle exit is accompanied
by an enrichment of the 5hmC content in the newborn
neurons. Accordingly, double immunohistochemistry for
5hmC and acetylated-tubulin showed that high 5hmC-
positive cells in the cortical plate correspond to neu-
rons at E14.5 (data not shown) and at E18.5 (Fig. 5G).
Taken together, these data show that neural

progenitors exhibit low levels of 5hmC and that the
neurogenesis and differentiation processes are accom-
panied by an enrichment of this epigenetic mark in
newborn neurons. Similarly, in the dentate gyrus of the
hippocampus that retains a neurogenic activity during
the whole lifespan, proliferative cells at P7 do not
express the 5hmC epigenetic mark (Fig. 5L-0, arrows).
However, a few proliferative cells that weakly expressed
PCNA were also 5hmC-positive, possibly reflecting a
transitional state (Fig. 5L-0, arrowheads).

Very interestingly, while 5hmC was mainly detected
in differentiated neurons of the CP at E16.5 (Fig. 6A,G),
5hmC levels increased until E18.5 through the cortical
layer during the differentiation process of neurons (Fig.
6A,D,G,K). Indeed, 5hmC was mainly detected in the
outer layers of the cerebral cortex at E16.5, while the
SVZ/VZ was barely positive for 5hmC (Fig. 6A,G). In
contrast, at E18.5, when cortical neurogenesis comes
to an end and gliogenesis starts, 5hmC-positive cells
were more widely distributed throughout all cortical
layers and also in the VZ/SVZ (Fig. 6D,K), although at
lower levels. In parallel, 5mC was more widely distribut-
ed in the cortical layers at E16.5 compared to E18.5
(Fig. 6B,E,H,L). At E16.5 and E18.5, 5mC was widely
distributed in the ventricular zone, whereas only a few
cells were 5mC-positive in the other cortical layers (Fig.
6B,E). Hence, 5hmC levels increase progressively in the
cortex over the neurogenic processes, while 5mC levels
decreased in the cortical layer but were more strongly
detected in the VZ/SVZ (Fig. 6). Such data suggest
that 5mC could be partly converted into 5hmC during
the process of neuronal maturation. To confirm this
point, further studies are required.

We also decided to investigate 5hmc expression in
the olfactory epithelium of adult mice and zebrafish, as
this tissue produces new olfactory neurons. By perform-
ing 5Shmc and PCNA double immunohistochemistry, we
observed that only a few cells are 5hmc-positive in the
olfactory epithelium of zebrafish (Fig. 7), while more
cells appear to display this epigenetic mark in the olfac-
tory epithelium of mouse (Fig. 7). However, 5hmc
immunostainings of olfactory epithelium in mouse did
not always appear consistent with more or less Shmc-
labeling (data not shown).

5hmC accumulates in MeCP2-
and H3K4me2-enriched nuclear foci
in mouse neurons

Interestingly, the high-magnification confocal image
of neuron nuclei revealed that 5hmC accumulates in
nuclear foci, suggesting that regulatory regions bearing
this epigenetic mark are not randomly distributed in the



Figure 4. 5hmC-expressing cells correspond to neurons but not to proliferative cells at larval (St50) and juvenile (St66) stages in Xenopus.
A-D1 and I-L1: 5hmC and PCNA double immunohistochemistry on the larval (A-D1; thalamic area) and juvenile (I-L1; dorsal telencephal-
ic area) brains showing that proliferative cells from the ventricular layer do not display the 5hmC mark at larval (A-D1) or juvenile stages
(I-L1). A1-D1 and I1-L1: High-power views of the respective framed boxes in A-D and I-L. Arrows point to 5hmC-negative proliferative
cells. E-H1 and M-P1: 5hmC and acetylated tubulin double immunohistochemistry on the larval (E-H1; thalamic area: th) and juvenile
(M-P1; dorsal telencephalic area) brains showing that 5hmC-expressing cells mainly correspond to neurons as shown at larval (E-H1) and
juvenile stages (M-P1). E1-H1 and M1-P1: High-power views of the respective framed boxes in E-H and M-P. Arrows point to ventricular
cells that do not exhibit acetylated tubulin labeling. Ip, lateral pallium; Is, lateral septum; lv, lateral ventricle; mp, medial pallium, th: thala-
mus. Scale bar = 90 pum for A-D,E-H,I-L,M-P; 35 um for A1-D1,E1-H1,I1-L1,M1-P1.
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Figure 5. Most proliferative cells from neurogenic areas are 5ShmC-negative during embryogenesis and after birth. A-C: 5hmC immunohis-
tochemistry (red) with cell nuclei staining (blue) during cerebral corticogenesis at E14.5. Note that 5hmC is mainly distributed in the corti-
cal plate (CP, arrows) composed of differentiated neurons while the intermediate (IZ) and ventricular (VZ) zones display no, or only few
and weak 5hmC-positive cells. D-F: 5hmC (magenta) and PCNA (green) immunohistochemistry showing that during the neurogenic period
at E14.5 neural progenitors in proliferation from the VZ are mainly 5hmC-negative. Arrowheads point to 5hmC-positive and PCNA-negative
cells in the VZ, while arrows point to 5hmC-positive and PCNA-negative cells in the 1Z. At E14.5, most 5hmC-positive cells from the corti-
cal layers correspond to acetylated tubulin neurons as shown in G. H-J: 5hmC (magenta) and PCNA (green) immunohistochemistry show-
ing that at the end of the neurogenesis and at the onset of gliogenesis in the thalamus (E14.5), PCNA-positive cells are weakly 5hmC-
positive (arrows) compared to parenchymal cells strongly expressing the 5hmC mark (arrowheads). At E14.5, most 5hmC-positive cells
from the diencephalon correspond to acetylated tubulin neurons as shown in K. L-O: 5hmC (magenta) and PCNA (green) immunohisto-
chemistry showing that in the dentate gyrus of the hippocampus, a region retaining neurogenic activity during the entire lifespan, most
PCNA-positive cells are 5hmC-negative (arrows) at P7. The O picture corresponds to a high-power view of the framed box in N. Scale
bar = 14 pum for O; 35 pum for L-N; 40 um for D-G; 56 pum for H-K; 112 pum for B,C.
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Figure 6. 5mC and 5hmC distribution in the cortex of developing mouse at E16.5 and E18.5. A-F: 5hmC (magenta) and 5mC (green)
immunohistochemistry during cerebral corticogenesis at E16.5 and E18.5. G-J: 5hmC (magenta) and 5mC (green) distribution in the corti-
cal layer at E16.5 with cell nuclei staining (blue). Most 5ShmC-positive cells are detected in the cortical plate (CP) and only a few cells are
detected in the other cortical layers, including the ventricular and subventricular layers (VZ and SVZ, respectively). In contrast, 5mC-
positive cells are more widely distributed through the cortical layer and are notably detected in the VZ. Arrows point to 5hmC and 5mC-
double-positive cells in the CP, while arrowheads point to 5mC-positive and 5hmC-negative cells in the VZ. K-N: 5hmC (magenta) and
5mC (green) distribution in the cortical layer at E18.5 with cell nuclei staining (blue). In contrast to E16.5, 5hmC-positive cells are more
widely detected through the cortical layers out of the CP (arrows). Cells from the VZ/SVZ also display a weak 5hmC-positive staining

(arrowheads). Less 5mC-positive cells are detected through the cortical layers, but numerous 5mC labeled cells are detected in the VZ/
SVZ. Scale bar = 64 pm G-N; 500 pum for A-F.
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Figure 7. 5hmC distribution in the olfactory epithelium of adult zebrafish and mouse. In zebrafish, only a few cells are 5hmc-positive
(magenta) compared to mouse. However, we noticed that 5Shmc staining in the olfactory epithelium of mouse was not consistent from one
experiment to another. PCNA immunohistochemistry (green) shows that most proliferative cells do not express 5hmc. Note that in zebra-
fish a presumably artifactual staining is observed at the ciliary layer of the epithelium and does not correspond to nuclear labeling. Scale
bar =210 pum for A,C,E,G; 75 um for I; 180 pum for B,D,F,H; 70 pum for J.




H3K4Me2

Figure 8. 5hmC colocalization with H3K4me2 and MeCP2. A-H: 5hmC (green), H3K4me2 (magenta) and DAPI (white) staining in cortical
cells showing 5hmC colocalization with H3K4Me2 (arrows). D-H: DAPI (white) staining in cortical cells showing few 5hmC co-localization

with MeCP2 (arrows).

nuclear space (Fig. 8A,E). In mouse, an association of
5hmC with H3K4me2, a mark of active chromatin found
at enhancers, has been previously demonstrated
genome-wide (Etchegaray et al.,, 2015), and methyl-
CpG-binding protein 2 (MeCP2) has been shown to be
the major 5hmC-binding protein in the brain (Mellen
et al.,, 2012). We consequently decided to investigate
colocalization of these factors with 5hmC in the mouse
brain. In all brain structures examined, numerous geno-
mic regions with high 5hmC signal were found to be
colocalized with H3K4me2 in nuclear foci (Fig. 8A-D).
Similarly, a fraction of 5hmC foci appeared to be asso-
ciated with MeCP2 in vivo (Fig. 8E-H). This is consistent
with the proposed role of MeCP2 as a 5hmC reader
(Mellen et al., 2012; Spuijt et al., 2013).

Tet expression dynamics and regional
distribution during mouse corticogenesis

We finally decided to investigate the expression of
the enzymes catalyzing the conversion of 5mC to 5hmC
during mouse corticogenesis in order to better under-
stand the links between 5hmC epigenetic mark
increase and the expression of their synthesizing
enzymes. The oxidative conversion of 5mC to 5hmC is
catalyzed by the Tet enzyme family, which comprises

three members in mouse (mTet1, mTet2, and mTet3).
Given the increase in 5hmC levels during cortical neuro-
genesis, we next investigated expression of Tet
enzymes by qPCR and in situ hybridization at different
stages of embryogenesis. qPCR experiments revealed
that mTet? and mTetZ expression tended to increase
during the peak of cortical neurogenesis, from E12 to
E16 (Fig. 9, upper panel), while mTet3 expression
appeared relatively stable. In all experiments, mTet1
was expressed lower than other members, whereas
mTet3 displayed the strongest expression (Fig. 9, upper
panel). Interestingly, a sharp decrease in mTet!/2/3
expression occurred at the end of cerebral corticogene-
sis (E18), before levels increased again at postnatal day
2 (Fig. 9, upper panel). Our fluorescent in situ hybridiza-
tion at E18 on cerebral cortex confirmed mTet expres-
sion throughout the cortical layers, while no signal was
detected with sense probes (Figs. 9A-C1, 10). Such
data correlate with the strong distribution of 5hmc in
the cortical layers at E18/E18.5, as shown in Figure 6.
Consistent with qPCR data, mTet! seemed less
expressed and mTet3 displayed the strongest expres-
sion. In addition, mTet2 was mainly expressed in the
outer cortical layers, while mTet3 was more broadly
expressed. We also observed mTet3 expression in the
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Figure 9. Mouse Tet (mTet) expression in the brain during development and after birth. Top panel: gPCR expression of mTet1,/2/3 through
the developing brain of mouse from E12 to P7. mTet! is the less expressed member and mTet3 the more expressed one. A global mTet
expression decrease is noticed at E18. Bottom panel: mTet?/2/3 (A-C) in situ hybridization on the cerebral cortex at E18. mTet7 is only
weakly expressed. mTet2 is mainly expressed in the outer cortical layer, while mT7et3 is more widely expressed and notably in the VZ/
SVZ. A1-C1: High-power views of the respective framed boxes A-C. Scale bar = 170 um for A1-C1; 2.5 mm for A-C.
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Figure 10. mTet expression in the cortex and the hippocampus at P7. A-F: mTet1/2/3 in situ hybridization with antisense (A-C) probes
show a wide mTet RNA expression in the hippocampus, while no staining was observed with sense probes (D-F). G-L: mTet1/2/3 in situ
hybridization with antisense (G-I) probes show a wide mTet RNA expression in the cortex, while no staining was observed with sense
probes (J-L). Scale bar =28 um for G-L; 56 um for A-F.




VZ/SVZ at around E18 when the 5hmc epigenetic mark
starts to appear (Figs. 6D,K, 9). Such data suggest that
Tet3 could be broadly responsible for the oxidation of
5mC to 5hmC in the cortex, although Tet2 might have
a more localized function. Interestingly, mTeti/2/3
were still expressed in the hippocampus and the cortex
at P7, as shown in Figure 10A-C,G-I). No signal was
observed with the respective sense probes (Fig. 10D-
F,J-L).

DISCUSSION

Epigenetic factors such as DNA methylation and
hydroxymethylation are mechanisms playing key roles
in the regulation of gene expression and cellular func-
tions (Cheng et al., 2015b). In a way similar to histone
modifications, DNA methylation provides a fundamental
epigenetic control mechanism absolutely required for
the proper development of embryos by regulating, for
example, genomic imprinting and by repressing retro-
transposons expression (Cheng et al,, 2015b; Meng
et al.,, 2015). Tet proteins can oxidize 5mC into 5hmC
(lto et al., 2010). Interestingly, Tet proteins as well as
5mC and 5hmC epigenetic marks have been shown to
be involved in ES cell self-renewal and differentiation,
and consequently to play key roles in stem cell activity
(Ito et al., 2010; Ficz et al., 2011; Pastor et al., 2011;
Cheng et al., 2015b). Indeed, Tet7 and Tet2 knockdown
results in a downregulation of a number of genes
including pluripotency-related ones (Ficz et al.,, 2011).
In mammals, 5hmC has been previously described as
being strongly expressed in neurons (Chen et al., 2012;
Hahn et al., 2013; Kraus et al.,, 2015; Meng et al.,
2015; Zheng et al., 2015). Numerous studies described
the presence of 5hmC in brain cells, but they mainly
focus at the genomic level. Consequently, data are
lacking concerning 5hmC distribution during neurogene-
sis in mammals.

In this work we have shown that levels of 5hmC are
particularly elevated in differentiated neurons in adult
zebrafish and larva and juvenile Xenopus, similar to
what was previously demonstrated in mammals (Jin
et al, 2011; Chen et al.,, 2012; Hahn et al., 2013;
Kraus et al., 2015; Zheng et al., 2015). In addition, we
provide evidence that radial glial cells lining the ventric-
ular surface and behaving as neural stem cells do not
(or only barely) show detectable levels of 5hmC. We
also report similar findings in mouse during cerebral
corticogenesis. Indeed, at E14.5, 5hmC is mainly
detected in differentiated neurons of the cortical plate,
and its levels increase until E18.5 throughout all corti-
cal layers. However, from E14.5 to E16.5, 5hmC is
barely detected in the SVZ/VZ that is composed of

neural progenitors including radial glia. At E18.5, a time
corresponding to the end of cortical neurogenesis and
to the onset of cortical gliogenesis, 5hmC-positive cells
are more widely distributed throughout all cortical
layers and notably at low levels in the VZ/SVZ, sugges-
ting that, in gliogenic progenitors, 5mC oxidation tends
to increase at the end of the neurogenic period. In
zebrafish, Xenopus, and mouse, 5hmC seems to be
weakly expressed by neural progenitors from ventricular
layers, while differentiated neurons strongly express
this mark. Given that adult zebrafish are known for con-
serving throughout life features of the developing
rodent brain (i.e., radial glial cells, intense neurogenic
activity) (Lindsey and Tropepe, 2006; Diotel et al.,
2010a; Grandel and Brand, 2013), it could explain why
the ventricular zone does not show detectable levels of
5hmC in zebrafish, while 5hmC-positive cells appear
throughout the ventricular and subventricular zones at
the end of cortical neurogenesis in mouse. In addition,
double 5hmC and PCNA immunohistochemistry further
confirmed that 5hmC is not detected in proliferative
cells, as shown here in zebrafish, Xenopus, and mouse
(Figs. 3-5), notably in the whole ventricular zone,
including the RMS in zebrafish. Indeed, along the ven-
tricular layers in the brain of larval and juvenile Xeno-
pus, layers where radial glial cells were previously
identified (D’Amico et al., 2011, 2013), proliferative
cells do not express the 5hmC mark, as shown in Fig-
ure 4. Only very few PCNA-positive cells were identified
as 5hmC-positive in zebrafish and mouse, demonstrat-
ing conserved features for 5hmC distribution between
fish, amphibians, and mammals. In addition, in the den-
tate gyrus of the hippocampus that retains a neurogen-
ic activity in mouse during their lifespan, similar
observations were made only at P7 (Fig. 5). Taken
together, our results show that neural progenitors (qui-
escent ones and proliferative ones) appear to not or
only weakly display 5hmC during neurogenesis in the
three species studied. This is particularly interesting giv-
en the fact that epigenetic regulators could modulate
the spatial-temporal expression of key genes involved in
proliferation and differentiation of neural stem cells dur-
ing embryogenesis and adulthood (Ma et al., 2010; Yao
and Jin, 2014; Cheng et al., 2015b).

We also demonstrate here that mTet expression
slightly increases in the brain during embryonic devel-
opment in mouse (Fig. 6) and that m7et3 was more
strongly expressed, as shown by gPCR and in situ
hybridization, in the cerebral cortex. Notably, a wide
distribution of mTet3-expressing cells was observed in
the VZ/SVZ at E18.5, suggesting mTet3 expression by
progenitors during the gliogenic period. Such an expres-
sion is in agreement with 5hmC appearance at this



stage in the VZ/SVZ. Similarly, in the cortex and the
dentate gyrus at P7, mTet expression is detected by in
situ hybridization. In zebrafish, Tet7,/2/3 transcripts are
weakly expressed or undetectable in embryos before
the onset of organogenesis (Almeida et al., 2012; Arm-
ant et al., 2013), explaining that 5ShmC signal was first
observed in 10-somite stage embryos, and increased
progressively throughout development, while 5mC signal
was observed in all stages (Almeida et al., 2012). RNA-
seq data also demonstrated Tet7/2/3 expression in
the telencephalon of adult zebrafish (Armant et al,
2013). However, data are lacking concerning the spatial
distribution of these enzymes. In Xenopus, there is little
information concerning Tet expression; however, Xu
et al. (2012) documented a potential role of Tet3 in
early eye and neural development. We also showed that
5hmC partially colocalizes with H3K4me2 and MeCP2
in mouse cerebral cortex. These data further reinforce
previous observations showing: 1) that MeCP2 binds to
5hmC-enriched active genes and accessible chromatin
in the nervous system, supporting the idea that MeCP2
and 5hmC play roles in the regulation of chromatin
structure and gene expression (Mellen et al., 2012),
and 2) that 5hmC progressively colocalizes with MBD3
and recruits H3K4me2 in euchromatin regions (Chen
et al., 2014). These data further argue in favor of a role
of 5hmC in the regulation of gene expression and chro-
matin structure. Interestingly, deregulation of 5hmC
levels is emerging as a potential cause of neurodegen-
erative diseases (Coppieters and Dragunow, 2011; Irier
and Jin, 2012; Al-Mahdawi et al., 2014; Coppieters
et al.,, 2014; Cheng et al., 2015a). For instance, a
decrease in 5hmC levels was reported in the hippocam-
pus and the brain of Alzheimer’s disease (AD), while
other studies showed the opposite tendency (Chouliaras
et al., 2013; Al-Mahdawi et al.,, 2014). Given the data
obtained in our study, it could be logical that a
decrease in 5hmc level is observed in the hippocampus
of AD people given that neurogenesis should be
decreased and neurodegeneration increased. However,
the discrepancies observed between these studies
could result from different brain areas studies, stages
of AD, and different quantification techniques. Accumu-
lating data also show modulation of 5mC and 5hmC lev-
els in other neurodegenerative diseases such as
amyotrophic lateral sclerosis, fragile X-associated trem-
or/ataxia syndrome, Friedreich ataxia, Huntington’s dis-
ease, and also Parkinson’s disease (Al-Mahdawi et al.,
2014).

In conclusion, the present study provides further
information regarding the distribution of the 5hmC epi-
genetic mark in the brain of fish, developing amphib-
ians, and developing mouse. We show that 5hmC is not

detected in radial progenitors and increases with neuro-
nal differentiation, as shown in cortical development.
Given that actinopterygians and sarcopterygians
diverged some 450 million years ago, this study also
provides strong evidence that the cell-specific and
dynamics of 5hmC apposition are evolutionarily con-
served, suggesting that 5hmC functions during neuro-
genesis were already acquired in early vertebrates.
Taken together, these data support the idea that zebra-
fish could be an interesting model for investigating the
potential functions of 5hmC in neuronal fate and differ-
entiation in vivo.
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